Abstract Mercury (Hg) is a persistent environmental bioaccumulative metal, with developmental exposure to methylmercury (MeHg) resulting in long-term health effects. We examined the impact of early-life exposure to MeHg and knockdown of skn-1 on dopaminergic (DAergic) neurodegeneration in the nematode Caenorhabditis elegans. SKN-1, a the major stress-activated cytoprotective transcription factors, promotes the transcription of enzymes that scavenge free radicals, synthesizes glutathione and catalyzes reactions that increase xenobiotic excretion. Deletions or mutations in this gene suppress stress resistance. Thus, we hypothesized that the extent of MeHg's toxicity is dependent on intact skn-1 response; therefore skn-1 knockout (KO) worms would show heightened sensitivity to MeHg-induced toxicity compared to wildtype worms. In this study we identified the impact of early-life MeHg exposure on Hg content, stress reactivity and DAergic neurodegeneration in wildtype, and skn-1KO C. elegans. Hg content, measured by Inductively Coupled Plasma Mass Spectrometry, showed no strain-dependent differences. Reactive oxygen species generation was dramatically increased in skn-1KO compared to wildtype worms. Structural integrity of DAergic neurons was microscopically assessed by visualization of fluorescently-labeled neurons, and revealed loss of neurons in skn-1KO and MeHg exposed worms compared to wildtype controls. Dopamine levels detected by High-performance liquid chromatography, were decreased in response to MeHg exposure and decreased in skn-1KO worms, and functional behavioral assays showed similar findings. Combined, these studies suggest that knockdown of skn-1 in the nematode increases DAergic sensitivity to MeHg exposure following a period of latency.
Introduction
Methylmercury (MeHg) neurotoxicity has been studied for decades, but the precise molecular mechanism underlying MeHg-induced damage remains elusive. Nuclear factor erythroid 2-related factor (Nrf2) is an important mammalian stress/antioxidant response mediator. Previous studies in our laboratory have shown the upregulation of genes under the control of Nrf2 following MeHg exposure [1] . In Caenorhabditis elegans these stress responses are mediated by skn-1. Inhibition of skn-1 leads to increased sensitivity to stress and deletions or loss-of-function mutations of skn-1 suppress oxidative stress resistance [2] [3] [4] [5] . SKN-1 is expressed in the ASI neurons and the gut, as well as in dopaminergic (DAergic) neurons [2, 3] . Due to its involvement in the stress response and its expression pattern, SKN-1 is posited to be an important mediator of MeHg's toxicity and of dopaminergic (DAergic) loss in neurodegenerative disease [5, 6] .
Oxidative stress and lipid peroxidation represent key mechanisms in mediating neuronal death both in neurodegenerative diseases and upon exposure to MeHg [1, [7] [8] [9] [10] [11] . Mitochondrial damage is implicated in the loss of DAergic neurons in Parkinson's disease (PD), corroborated by findings that mitochondrial poisons, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone and 6-hydroxydopamine induce a Parkinsonian-like syndrome [12] [13] [14] [15] . Post-mortem PD brains show increased levels of lipid peroxidation, protein oxidation, 3-nitrotyrosine formation, DNA oxidation and breaks, and a decrease in the activities of reactive oxygen species (ROS) scavenging enzymes and glutathione (GSH) peroxidase [16] [17] [18] [19] . Combined, there is ample evidence to suggest that MeHg and PD share common molecular mechanisms of DAergic degeneration, including mitochondrial dysfunction, oxidative damage, GSH depletion and a-synuclein aggregation [10, 12, [20] [21] [22] [23] [24] .
Developmental exposure to MeHg has long-term, latent health effects [25] [26] [27] [28] [29] [30] [31] . Early-life exposure may remain silent for decades and become unmasked late in life by aging and genetic predisposition [32] . In this study we focused on the role of skn-1 in mediating the late-life occurrence of DAergic neurodegeneration following early-life MeHg exposure, positing heightened DAergic neurodegeneration in skn-1KO compared to wildtype worms. Our studies examined DAergic function, structural integrity and dopamine (DA) levels following knockdown of skn-1 and exposure to MeHg.
Materials and Methods

C. elegans Maintenance
Caenorhabditis elegans strains were handled and maintained at 20°C as previously described [33] . Worms were grown on plates containing nematode growth medium (NGM) or 8P and seeded with either Escherichia coli strain OP50 or NA22, respectively, as previously described [33] . The following strains were used: N2 Bristol (wildtype) strain (as a control for all experiments), VC1772 (skn-1(ok2315) IV/nT1[qIs51](IV;V)) strain (referred to as skn-1KO in all experiments), LG326 (skn-1(zu169) IV; geIs7) and cat-2 mutants (TH deficient). Because skn-1 is required for optimal worm development, and exposure to MeHg was carried out at the L1 stage (early lifespan), worms with a homozygous deletion could not be used. The homozygous deletion is lethal, while the VC1772 strain has a heterozygous deletion with a balancer to yield surviving larva. All strains were obtained from the Caenorhabditis Genetics Center, Minneapolis, MN, USA.
MeHgCl Exposure
To obtain a synchronous population prior to exposure, worms were treated with an alkaline bleach solution. Methylmercuric chloride (CH 3 HgCl; Sigma-Aldrich) exposures (0-50 lM) were performed for 30 min (min) in synchronized L1 worms to determine appropriate dosing. Five thousand (lifespan, lethality, and behavior), 10,000 (DCF assay), 20,000 (RNA), 50,000 (ICP-MS) or 150,000 (dopamine) nematodes were treated with 0 or 20 lM MeHgCl. After exposure, worms were washed three times with M9 buffer (KH 2 PO 4 ; Na 2 HPO 4 ; and NaCl) and either plated on seeded NGM plates or collected for immediate analysis. A sample size of six (n = 6) represents the total number of independent worm preparations; each independent experiment was carried out with 5,000-150,000 worms (see above).
Lethality
Following exposure and washing, 5,000 worms were plated on seeded 60 mm NGM plates and allowed to grow for 24 h. Worms were then counted and scored using a grid system. Nematodes on 4 of the 64 grids were counted and the number of worms per grid was averaged and multiplied by 64. Surviving worms were expressed as percent control.
Lifespan
For lifespan determination, 40 nematodes from each dose group were picked to a fresh NGM plate 24 h following exposure. The worms were counted each day and scored as live or dead (worms were censored if dead bodies could not be located). Live C. elegans were picked to new plates each day during the egg-laying period of their lifecycle; once egg-laying ceased they were picked every other day until no live C. elegans remained.
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for Mercury Content
The protocol used for ICP-MS was carried out as previously described [33] . Briefly, 50,000 worms were treated with MeHgCl, then washed three times with M9. Samples were then air-dried until a dehydrated pellet was obtained. Next, the dried sample was transferred to pre-weighed Teflon jars and reweighed. Concentrated acids HNO 3 , HCl and H 2 SO 4 were added, and the samples were placed overnight in heat block at 100°C under the fume hood. The following day, digested samples were reweighed and placed in pre-weighed metal-free 15 mL centrifuge tubes. They were analyzed by ICP-MS with a Hg limit-ofdetection in the parts per trillion range.
DCF Assay for Oxidative Stress
Synchronized L1s were treated with MeHg as described earlier, and washed in M9 buffer. The formation of reactive oxygen species (ROS) was evaluated with 6-carboxy-2 0 ,7 0 -dichlorodihydrofluorescein diacetate at 1 mM for 1 h in the dark. The worms were then washed in M9, 4 additional times. The supernatants were transferred to a 96-well plate and their fluorescence levels (excitation: 485 nm; emission: 535 nm) detected with a FLEXstation III (Molecular Devices) pre-heated to 37°C. Fluorescence in each well was measured at time 0 and 1 h after the addition of MeHg. Values from all readings were adjusted for background signal and reported as percent fluorescence relative to their respective control strain.
mRNA Isolation
Following MeHg exposure, 20,000 synchronized L1 stage worms were washed 3 times with M9 and frozen at -80°C until RNA purification. Worm pellets were suspended in Trizol (200/100 lL pellet); the protein and other impurities were separated from nucleic acids with chloroform. The pellets were washed with 70 % EtOH; DNA was digested with RNAse free DNAse kit (Ambion). RNA concentrations were determined with a ND-1000 spectrophotometer (NanoDrop Ò ; OD 260 nm).
cDNA Synthesis
Reverse transcription reactions were performed in 20 lL following the manufacturer's protocol (Applied Biosystems). A 10 lL reaction mixture containing 109 RT buffer, 259 dNTP mix (100 mM), 109 random primers, Multiscribe reverse transcriptase and sterile nuclease-free water was added to 10 lL of RNA (75 ng). The contents were mixed gently and incubated at 25°C for 10 min, 37°C for 120 min followed by inactivation by heating at 85°C for 5 min. Synthesized cDNA was stored at -20°C. 0 . The specificity of each primer pair was confirmed by the identification of a single PCR product of predicted size on 1.5 % (w/v) agarose gels. Oligonucleotide sequences were designed based on published literature. Dopamine Measured Via High-Performance Liquid Chromotagraphy (HPLC)
One hundred fifty thousand synchronized L1 worms were collected and washed three times in M9. Next, they were pelleted and the supernatant removed. Tubes were immediately frozen in liquid nitrogen and stored at -80°C. For each tube, the worm pellet was re-suspended in lysis buffer containing EDTA to scavenge free metal ions and then sonicated to disrupt cell membranes. A portion of the lysate was used for protein levels and analyzed via bicinchoninic acid (BCA) assay. Isoproterenol, dihydroxybenzylamine (internal standard), Tris buffer and Al 2 O 3 was added to the remaining lysate, which was applied to the alumina to bind DA. After 30 min, the buffer was removed and the Al 2 O 3 was washed three times with water. Next, the alumina was eluted with 0.1 acetic acid and the collected samples were injected into the biogenic amine HPLC chromatograph. To correct for inter-sample variations in the extraction efficiency, the ratio of DA to isoproternol was estimated, and the total DA content calculated relative to protein levels.
Basal Slowing Behavioral Analysis
The behavioral analysis was adapted from a previously published protocol [35] . Well-fed L4 worms from the same exposure group were placed on two sets of 60 9 15 mm plates: one with *20 lL bacteria spread in a ring with an inner diameter of *1 cm and an outer diameter of *3.5 cm and one without bacteria (both incubated at 37°C overnight and cooled to room temperature prior to assay). Bacterial mechanosensation induces the dopaminemediated slowing of locomotion in the presence of food (bacteria) and can be measured by counting the number of body bends per 20-s interval. Locomotor rates were compared between well-fed worms placed on plates of food versus those placed on plates in the absence of food; this ratio is referred to as the change (D) in body bends/20 s. A lower value represents diminished slowing on food, indicating deficits in DAergic function. The cat-2 strain is tyrosine hydroxylase (TH) deficient and therefore defective in bacterial mechanosensation, representing a positive control [35] .
Microscopy
To examine skn-1 protein expression, 10-15 worms in M9 were mounted on 4 % agarose pads and anaesthetized with 0.2 % tricaine/0.02 % tetramisole in M9. skn-1::GFP (LG326) worms were selected by fluorescence microscopy 24-48 h following exposure. Fluorescence was determined with an epifluorescence microscope (Nikon Eclipse 80i, Nikon Corporation, Tokyo, Japan) equipped with a Lambda LS Xenon lamp (Sutter Instrument Company) and Nikon Plan Fluor 209 dry and Nikon Plan Apo 60 9 1.3 oil objectives.
To examine morphological changes in neurons as a result of MeHg exposure, worms expressing P dat- 
Statistical Analysis
Statistics were carried out with GraphPad Prism. Briefly, we used a sigmoidal dose-response model with a top constraint at 100 % to draw the curves and determine the LD 50 . The Kaplan-Meier method was used to estimate survival curves. Curves were compared with the log rank test or Wald test of coefficients from a Cox proportional hazards regression. Statistical analysis of significance was carried out by one-way analysis of variance (ANOVA) for change in DA-mediated locomotor activity. Two-way ANOVA for dopamine, ROS, skn-1, gst-4 and MeHg content. When p values in the ANOVA were \0.05, the source of the statistical difference was determined by post hoc Bonferroni or student's t test. Error bars in all the figures represent ±SEM.
Results
MeHg-Induced Lethality (Fig. 1) To determine appropriate MeHg concentrations for dosing in our studies, N2 and skn-1KO C. elegans were treated with MeHg (0-50 lM) for 30 min and counted 24 h later.
Assessment of lethality following 30 min exposure revealed a significant leftward shift for skn-1KOs compared to N2 wildtype worms (**p \ 0.004) and a similar significant leftward shift for skn-1KOs compared to LG326 worms (**p \ 0.001). LD 50 for N2, skn-1 KO, and LG326 were 25, 19 and 26 lM, respectively. These data suggest that skn-1KO worms are more sensitive to MeHg than N2 wildtypes. It is noteworthy that doses applied in the present study are of physiological relevance to mammalian systems. For example, perinatal MeHg treatment in rats resulted in observable effects with Hg concentrations at 0.1 lgHg/g brain [36] , and continuous pre-and postnatal exposure in rats was associated with brain Hg concentrations of 0.5 lg/g at birth and 0.04 lg/g at weaning [37] . The threshold for observable clinical effects in humans is *0.3 lg/g [36] .
Mercury Content (Fig. 2) To determine if there were differences in MeHg retention mediated by skn-1KO, we assessed Hg content immediately following exposure. ICP-MS quantification of Hg content revealed a significant dose effect (**p = 0.0003), but no strain effect (p = 0.958, n.s.), or a dose 9 strain interaction (p = 0.438, n.s.). There were no strain differences in Hg content.
Lifespan (Fig. 3) To determine long-term sensitivity to MeHg and to discern if its effect is exacerbated by KO of skn-1, we performed lifespan measurements. Log-rank test revealed that MeHg had a significant effect on lifespan in skn-1KO (*p = 0.006) worms, which was not seen in wildtype worms (p = 0.61). Knockout of skn-1 alone had an effect on lifespan, which was exacerbated by exposure to MeHg (Fig. 3) .
Reactive Oxygen Species (ROS) Levels are Elevated in skn-1KO and Following MeHg Exposure (Fig. 4) We hypothesized that early life exposure to MeHg would increase toxicity reflecting increased ROS production. The DCF assay showed a significant increase in ROS levels in wildtype strains immediately following (Fig. 4a ) and 1 h after (Fig. 4b) 20 lM MeHg exposure. skn-1KO worms had significantly increased ROS levels (compared to wildtype worms) even in the absence of MeHg exposure. A greater increase in ROS levels was noted in skn-1KO MeHg exposed worms compared to skn-1KO unexposed worms, but it did not attain statistically significance (Fig. 4) . ROS generation immediately upon MeHg exposure was strain-(**p = 0.0002), but not dose-(p = 0.468, n.s.) or dose x strain-dependent (p = 0.562, n.s); at 1 h the ROS increased in all strains (strain effect **p = 0.0002; dose p = 0.375; dose 9 strain interaction p = 0.504). Sodium nitroprusside (NaNP) was used as a positive control and MeHg in the absence of worms was used as a negative control (not shown). Post-hoc analysis showed that immediately following MeHg exposure wildtype worms exhibited significantly higher ROS levels compared to unexposed wildtype controls (*p = 0.04). Both untreated and treated skn-1KO worms (**p = 0.0012;*p = 0.018, respectively) had significantly increased ROS levels compared to wildtype untreated worms. skn-1KO treated worms were not significantly different from their respective untreated controls (p = 0.5262, n.s.). One hour after MeHg exposure, wildtype worms exhibited significantly higher ROS levels compared to unexposed wiltype controls (*p = 0.04). Both untreated and treated skn-1KO worms (***p = 0.0001;*p = 0.02, respectively) had significantly higher ROS levels compared to wildtype untreated, and skn-1KO treated worms were not significantly different from their respective untreated controls (p = 0.4517, n.s.). Collectively, this data suggests that skn-1 plays an important role in mitigating oxidative stress even under basal conditions and in the absence of MeHg exposure.
MeHg Induces SKN-1-Mediated Increase in Phase II Detoxification Genes (Supplemental Figure 1) skn-1-regulated genes were assessed to validate knockdown of skn-1 and activation of skn-1 in wildtype MeHg exposed worms. Whole extracts were used to probe for skn-1 and gst-4 transcriptional activity. Using qRT-PCR, we show that wildtype worms significantly upregulate skn-1 (*p \ 0.05; supplemental fig. 1A ) and gst-4 mRNA levels (*p \ 0.05; supplemental fig. 1B ) in response to MeHg, but skn-1KO worms do not. Differences in the average threshold cycle (DCt) were determined and normalized to the expression of gpd-1. These data suggest that wildtype worms mounted an skn-1-mediated antioxidant response, whereas skn-1KO worms failed to do so in response to MeHg. Analysis of skn-1 mRNA, revealed a significant strain (**p = 0.002), and dose effect (**p = 0.002), but not a dose 9 strain interaction (supplemental fig. 1A ). gst-4 mRNA analysis showed a significant dose effect (***p = 0.0007), strain effect (***p = 0.001) and a dose 9 strain interaction (**p = 0.007; supplemental fig 1B) . Post-hoc analysis showed skn-1 levels were significantly induced in wildtype worms following MeHg exposure (**p = 0.003) but not in skn-1KO worms. There was a significant difference in skn-1 mRNA between the strains in 0 lM control worms (**p = 0.003). skn-1 mRNA levels in wildtype 20 lM MeHg versus skn-1KO 20 lM MeHg were significantly different (^p = 0.02). Post-hoc for gst4 mRNA levels showed that wildtype 0 lM MeHg was significantly different from wildtype 20 lM MeHg (**p = 0.001) and from skn-1KO 0 lM MeHg (**p = 0.002). There was also a significant difference between N2 20 lM and skn-1KO 20 lM MeHg exposed worms (^p = 0.01). This data showed that optimal stress responsiveness was absent in our skn-1KO worms.
skn-1 Is Induced 24 h After Exposure to MeHg (Fig. 5) Intestinal accumulation of skn-1 in C. elegans is apparent following 20 lM MeHg exposure, this accumulation was absent in 0 and 10 lM MeHg exposed worms. SKN-1 is present in ASI nuclei under normal conditions, and accumulates in intestinal nuclei in response to oxidative stress [2] . The accumulation of skn-1 in the intestine of worms DA Content (Fig. 6) Prenatal MeHg exposure studies in animals have described altered DAergic function [38, 39] . Accordingly, we examined the extent of DAergic neurodegeneration in response to early-life MeHg exposure. Worms' DA levels were determined immediately after MeHg exposure, when the worms were at the L1 stage. DA levels were correlated to the DA-mediated behavioral data which was collected 72 h post exposure (Fig. 7) and the structural data collected at 96 h post exposure (Fig. 8 ). There was no significant effect of dose (p = 0.51); or dose 9 strain interaction (p = 0.11), there was a significant strain effect (**p \ 0.005). There was a trend towards decreased DA content in MeHg exposed N2 wildtype worms, and no significant difference in skn-1KO worms. These findings corroborate the functional behavioral DA readout, which was measured 72 h following exposure (Fig. 6 ). Post-hoc analyses revealed a significant difference between the 0 lM MeHg wildtype worms and all other strains/doses (*p \ 0.05;**p \ 0.005; ***p \ 0.0001). DA content from treated and untreated wildtype and skn-1KO worms were significantly different from cat2 mutants.
Basal Slowing Behavioral Analysis (Fig. 7) We analyzed DA-mediated behavior 72 h post exposure (adult stage) to determine if there was a decrease in functional DA. For each strain, locomotion rates in the absence and presence of bacteria (supplemental fig. 2 ) were calculated, and results are presented as change (D) body bends/20 s (Fig. 8) . Higher values indicate functional, while lower values indicate dysfunctional DAergic neurons. When the change in locomotor activity (D body bends/20 s) was compared by one-way ANOVA, it was statistically significant (***p \ 0.0001). Post-hoc analysis showed all doses/strains were significantly different from 0 lM MeHg wildtype (*p \ 0.05, ***p \ 0.0005) and all doses/strains were significantly different from 0 lM MeHg skn-1KOs ( # p \ 0.05). cat-2 mutants unexposed worms were significantly different from all MeHg-treated wildtype worms (*p \ 0.05).
Degeneration and Loss of Fluorescence in skn-1KO DAergic Neurons After Low Dose MeHg Exposure (Fig. 8) We assessed the structural integrity of mCherry-labeled DAergic neurons in wildtype and skn-1KO worms, 96 h after MeHg exposure. MeHg exposed wildtype worms showed loss of fluorescence similar to skn-1KO worms. In skn-1KO MeHg exposed worms, the loss of fluorescence was exacerbated compared to skn-1KO unexposed worms and wildtype MeHg exposed worms. This data suggests that skn-1KO worms are susceptible to DAergic 
Discussion
MeHg is an environmental contaminant of concern due to its widespread release and contamination of fish [40, 41] . The nervous system is the primary target of MeHg and environmental exposure, particularly in fish-eating populations, can be detrimental. While adults are susceptible to MeHg exposure, the developmental period in humans and rodents is a window of high vulnerability [42, 43] and perinatal exposure to MeHg presents with a less specific pattern of damage than that of adult exposure, shown to by concentration-, duration of exposure-and stage of development-dependent [44] . Latent effects following MeHg exposure have also been described [29] . Therefore, it is important to address the effects of early life exposure to MeHg on later life endpoints like neurodegeneration. Our findings revealed that early-life MeHg exposure led to decreases in DA-mediated behavior seen at 72 h which positively correlated to DAergic degeneration at 96 h (adult life stage).
MeHg is known to produce oxidative stress and the skn-1 (Nrf2 homolog) signaling pathway is involved in oxidative stress resistance and eradication of oxidants [1, 4, [45] [46] [47] [48] . Given that oxidative stress mediates both MeHg toxicity and the development of PD [10, 12, 20, 23, 24] , we assessed the role of skn-1 in MeHg-induced oxidative stress response and its contribution to DAergic toxicity. While other neuronal subtypes are also susceptible to MeHg, emphasis was directed to DAergic neurons based on their expression of skn-1 [3] and the documented importance of skn-1 in attenuating MeHg toxicity [1] . We focused on addressing whether MeHg exposures that occur early in the lifespan have deleterious effects later in life.
Assessment of lethality 24 h after 30 min exposure to MeHg during the L1 period indicated that skn-1KO worms are more sensitive to MeHg exposure (Fig. 1) . This heightened sensitivity is likely not due to increased uptake of Hg in skn-1KO worms as there were no strain differences in Hg content immediately after exposure (Fig. 2) . Lifespan was significantly affected by MeHg exposure in both the wildtype and skn-1KO strains. Consistent with other published studies, skn-1KOs had a significant decrease in lifespan compared to wildtype worms (Fig. 3) [2]; this decrease was further exacerbated by MeHg exposure. Many environmental contaminants have a significant impact on lifespan through generation of ROS [49] [50] [51] [52] [53] . The increase in ROS levels following MeHg exposure is consistent with earlier reports [10] . More striking is the increased ROS production measured in the skn-1KO untreated strain compared to the untreated wildtype strain. This increase at baseline has been documented in the human cell-line and murine literature following silencing or knockdown of Nrf2 [54, 55] suggesting that skn-1 is important in regulating ROS levels under basal conditions as well as after presentation of a stimulus.
skn-1 knockdown was confirmed by measuring RNA content (supplemental fig. 1A ) for skn-1 and gst-4, a gene under the control of skn-1 (supplemental fig. 1B ). skn-1 and gst-4 levels increased following MeHg exposure in wildtype worms, but did not increase in skn-1KO worms, confirming the knockdown (supplemental fig. 1A /B). skn-1::GFP worms assessed at 24 h showed gut florescence in the 20 lM MeHg exposed worms, indicating activation of skn-1 (Fig. 5) . SKN-1 is present in ASI nuclei under normal conditions, and accumulates in intestinal nuclei in response to oxidative stress [2] . Under basal conditions, glycogen synthase kinase 3 (gsk3; mammalian: Keap1) inhibits skn-1 nuclear localization [56] . Following oxidative stress, skn-1 is liberated from gsk3 repression and translocates to the nucleus, leading to transcription of Phase II detoxification genes [57] . Inhibition of skn-1 leads to increased sensitivity to stress [2] .
Our studies were designed to establish novel and translational information on mechanisms associated with DAergic neurodegeneration, especially after early life exposure to MeHg. We are reporting the presence of irregularities in DAergic neurons 96 h following 30 min exposure (at L1 stage) to 20 lM MeHg (Fig. 8) . C. elegans possess eight DAergic neurons; four cephalic (CEP) neurons, two anterior deirid (ADE) neurons, and two postdeirid (PDE) neurons ( Fig. 8; PDE not shown) . We show degeneration of the DAergic neurons 96 h following exposure to MeHg (Fig. 8) ; however, skn-1KO worms show degeneration even in the absence of MeHg exposure. These results indicating loss of DAergic neurons in skn-1KO worms are corroborated by an Nrf2-knockout mouse model, which showed 23 % greater nigral DAergic neuron loss as measured by positive stain for TH, than Nrf2
?/?
mice [6] . It is not surprising that MeHg exposed skn-1KOs show the most robust loss in DAergic neuron integrity given the evidence for the role of Nrf2 in the DAergic system. Nrf2 induction in transgenic mice brains has been shown to be protective of MPTP damage in the nigrostriatal DAergic pathway [4] and Nrf2 has been shown to translocate to the nucleus in the substantia nigra of PD patients, although it has proved to be insufficient for protection [5] . Another fact that cannot be overlooked is that Nrf2 activity decreases with age while PD susceptibility increases with age [58] . The decrease in fluorescence in our model could be explained by decreases in DAT, as the mCherry fluorophore is under the control of dat-1 promoter. Another group reported decreases in total DAT activity in MeHg exposed murine embryonic stem cells as well as decreases in TH? cells and downregulation of DA receptors [59] suggesting that the dopamine system is particularly susceptible to MeHg.
The decrease in DA in wildtype worms (Fig. 6) suggests that MeHg has significant effects on DAergic neuron function. The absence of effect of MeHg on skn-1KO worm DA levels is interesting, given our hypothesis that skn-1KO worms should be more susceptible to DAergic changes following exposure (Fig. 6 ). The lack of MeHg effect in this strain may be due to the early time point in which the DA levels were measured (i.e. immediately rather than days after exposure), not allowing time for a measureable effect. Additionally, DA metabolites may present a more complete understanding of DA vulnerability [60] but we are unable to measure DA metabolites in our model. It is known that dopamine can oxidize and form ROS and reactive quinones and that those quinones can covalently bind to cysteine sites [61] . The dopamine transporter has several cysteine residues and therefore is a target for covalent modification by reactive quinones and ROS [62] . This type of modification to DA transporters could explain the altered state of the DAergic system seen after MeHg exposure. The decreased basal levels of DA in skn-1KO control worms compared to wildtype controls (Fig. 6 ) have been reported in murine literature showing low basal levels of TH immunoreactivity in Nrf2 -/-mice [45] .
The basal slowing behavior, assessed 72 h following exposure (Fig. 7) , confirms the loss of functional DAergic neurons. Functional DAergic neurons are required for food sensing (mechanosensation) [35] . This data is consistent with the images taken at 96 h (Fig. 8 ) and the trends in DA levels immediately following exposure (Fig. 6) .
Neuronal differentiation and establishment of connectivity occurs early in the lifespan and could be disrupted by exposure to MeHg. These connections, or lack thereof, may not be apparent until the brain has completed the developmental period therefore we do not see them until after a period of latency. Acute and chronic MeHg exposures have been shown to produce latent toxicity (reviewed in [29] ). Others have postulated that microtubule function may be altered by MeHg preferential binding to sulfhydryl groups [63] and this may result in altered cytoskeletal architecture, which in our studies, is described as degeneration. Another explanation for the latency period is that these effects may not be seen until after a period of normal decline due to aging thereby exposing the MeHg-induced damage to the DAergic system.
Taken together and consistent with the Barker hypothesis [64, 65] , these results indicate that acute early-life exposure to MeHg confers DAergic neurodegeneration later in life. Furthermore, knockdown of skn-1 amplifies MeHg's effect. Future studies should aim to address if Hg is still present at later time periods to determine what role, if any, they are playing in the degenerative process as well as establish a timeline of cell death of the DAergic neurons. It would also be beneficial to examine other neuronal subtypes to determine if there is additional damage.
